Sound is harmonic pressure variations that we can hear in air. Sound is an important part of everyday experience. Too much sound can be annoying, even dangerous. Noise has several definitions. Sometimes noise means any unwanted sound, regardless of its type. More often noise means a sound that is composed of many different frequencies.
1
Some bats can hear up to 250,000 Hz (1 cycle every 4 sec). Pigeons can hear 0.05 Hz (1 cycle every 20 seconds).
The wavelength of sound is related to its frequency. The wavelength of the piano note called middle C (512 Hz) is about 2 ft. As frequency (F) increases, wavelength decreases (proportionate to 1/F), and vice versa. The wavelength of 20 Hz, the lowest sound we can hear, is about 50 ft, and the wavelength of 20,000 Hz, the highest sound we can hear, is about a quarter of an inch. Wavelength is important because sounds are not much affected by structures that are smaller than their wavelengths. Thus it is easy to stop high but not low frequencies.
ACOUSTIC INTENSITY
Sound levels that might be encountered in a hospital vary over a wide range. There are 12 orders of magnitude between the softest sound we can detect, our threshold (10 À 12 W), and a painfully loud sound, such as a chipping hammer used in construction (about 1 W). Beyond the hospital, acoustic intensities can vary over almost 20 orders of magnitude, up to about 50,000,000 W at the takeoff of a Saturn rocket. Twenty orders of magnitude in distance, by comparison, is greater than the difference between the size of a small virus (0.01 m) and the distance to the sun (150 million kilometers). We need a compressed scale to report measurements over this vast range. It would be cumbersome to report a sound level as 0.0000000012 W.
Because much of the following discussion involves logarithms, it might be helpful to review the basic properties of these numbers. If ten raised to the X power is Y, then X is the logarithm of Y. Logarithm is often shortened to log. The log of 10 is 1. The log of 100 is 2. It is useful to memorize that the log of 2 is 0.3. Logs are exponents. The log of a product of two numbers is the sum of the logs of the numbers. That is, adding logs is the same as multiplying the original numbers. Similarly, subtracting logs is the same as dividing the original numbers. e Multiplying logs is the same as taking the original number to a power.
Basic concepts about sound exposure are reviewed without extensive reliance on the technical details of physical acoustics or psychoacoustics. The frequencies and intensities of sounds that might be encountered in a hospital nursery are described. Examples of the nonlinear properties of sound levels are provided. The complexities of adding and subtracting decibels are discussed. Some important noise standards are reviewed, along with an explanation of why some sounds might be more annoying than others. A companion article in this issue gives practical information on how to make sound -level measurements. Journal of Perinatology 2000; 20:S5 ± S10.
These units for cycles per second are named after Heinrich Hertz, a 19th century German physicist who discovered that visible light was but a small part of a larger spectrum of electromagnetic waves. Thus, the units of sound frequency are named after someone who studied light frequencies. Precise wavelengths can be derived from the speed of sound, which in feet per second is 49.03 times the square root of 460 plus the temperature in degrees Fahrenheit ( so at 728 the speed is 1130 ft / sec ) . Wavelength equals speed / frequency. c Only logarithms to the base 10 are used in measuring sound levels.
e Knowing these facts, you can calculate that the log of 4 ( 2Â2 ) is 0.6 ( 0.3 + 0.3 ) because 2 times 2 is twice the log of 2. Similarly the log of 8 ( 2 3 ) is 0.9 ( 0.3Â3 ) , and the log of 5 ( 10 / 2 ) is 0.7 ( 1.0 to 0.3 ) .
Background Science
A logarithmic scale is used to achieve a manageable range of numbers to express levels of sound. The original logarithmic scale was the bel, named after Alexander Graham Bell, the famous American inventor of the phonograph. The threshold of hearing was set at 0 bels, and each power of 10 was an increase of 1 bel. The threshold of pain is 12 bels. Conversational speech is 7 bels. This unit achieved the desired compression of large numbers into a manageable scale, but people who made these measurements wanted more precision. 2 So a unit that was one-tenth of a bel came to be widely used. This unit is called the decibel and is abbreviated dB. The name DECIbel suggests that dB should be a tenth of a log unit. Deciliters are a tenth of a liter, for example. Indeed, decibels are 10 times the logarithm of the ratio of a measured power (but not pressure) to the threshold of hearing.
As a crude approximation you can think of decibels like temperatures in degrees Fahrenheit. The threshold of hearing is about 0 dB, and 08 is about as cold as it gets in most places. The threshold for pain is 120 dB, and that is about as hot as it gets in hot places. Comfortable sound levels for adults are between about 60 and 80 dB, just like room temperatures.
Another reason to use decibels to measure sound levels is that our ears respond logarithmically to changes in intensity. Ears are responsive to percentage change; thus log scales are useful because equal changes in decibels are equal percentages. f An increase of 10 dB is perceived as being about a doubling of loudness; a decrease of 10 dB is perceived as a halving of loudness. 2 A change of 1 dB is the minimum detectable difference in level under ideal conditions. A change of 5 dB is clearly perceptible.
A complexity must be introduced into these measurements because we usually deal with sound levels in units of pressure or volts. Sound-pressure levels and voltages are used because microphones respond to pressures with a proportional voltage. That voltage is measured to determine sound-pressure levels. Conversely, a speaker produces sound pressures that are proportional to an input voltage. An amplifier achieves desired sound pressures by changing the voltage to a speaker.
But, decibels of pressure and voltage are TWENTY times the logarithm of the ratio to their standard. This is twice what is expected from the name``deci''bel. The prefix``deci'' indicates a tenth for every unit EXCEPT pressure, voltage and distance in free field. Pressure, voltage, and distance are calculated as 20 times the logarithm, because these three units involve a quantity squared. It is a mathematical simplification that 10 times the logarithm of a quantity squared equals 20 times the logarithm of the quantity. g A fact to memorize is that decibels of pressure and voltage (and how pressure decreases with distance) are``20-log quantities''; h everything else is a``10-log quantity''. An important simplification that results from these complexities is that volts are proportional to sound pressures. Both are 20-log quantities.
i If a voltage doubles (either to a speaker or from a microphone), then the soundpressure level doubles.
Technically, 0 dB of sound pressure is defined as one twentymillionth of a pascal. Pascals are the standard metric measure of pressure, equal to 1 N/m 2 . Other decibel levels of sound pressure are 20 times the base 10 logarithm of the ratio of the measured pressure to this arbitrary standard (20 Pa).
Sound travels in air like waves travel in water except sound can move in three dimensions. If undisturbed, sound radiates evenly in all directions. The total amount of energy remains almost unchanged, but that energy is more thinly spread as distance from the source increases. 3 Intensity decreases proportionately to the distance from the source squared. Decibels decrease as distance squared because sound spreads from a source like an expanding balloon. A given amount of energy must cover the entire surface. The surface area of a sphere is proportional to the radius squared. j Because sound levels are proportional to distance squared, calculate the change in decibels as 20 times the logarithm of a ratio of distances. This means there will be a 6-dB drop in sound pressure for every doubling of distance. k If, for example, you measure 100 dB at 2 m from a sound source, you should get 106 dB at half the distance (1 m) and 88 dB at two doublings of the distance (8 m). When this theoretically expected condition of a 6-dB change per doubling of distance is met, it is called``the direct field''.
Because decibels are ratios, an amplifier that increases the level of one sound by some number of decibels will also increase other sounds by the same amount (up to the limit of the equipment). Conversely, a passive attenuator that decreases one sound by 6 dB will also attenuate all other sounds by 6 dB. This property of linear attenuation is not found with physical barriers, or active electronic filters, because some frequencies of sound will be affected more than others. Earplugs, for example, attenuate high frequencies more than low frequencies. The same is true for walls, and we hear only the bass of music behind a wall.
In summary, humans hear between 20 and 20,000 Hz. The intensity of sound is measured on a logarithmic scale, the decibel.
f For example, a 10 -dB change, from just a barely detectable sound ( 5 dB ) to a sound that would be perceived as twice as loud ( 15 dB ) , would be a change of 2.84Â10 À 11 W. Another 10 -dB change, from a loud sound ( 105 dB ) to one that would be perceived as twice as loud ( 115 dB ) , would be a change of 0.284 W. These are vastly different changes, yet we perceive both to be about a doubling of loudness. g 10log ( P 2 ) = 20log ( P ) . Ten times the logarithm of 100 squared equals 20 times the logarithm of 100, for example. But why is intensity proportional to pressures, voltages, and distances squared? Consider what happens to the intensity of a sound as its pressure increases. As the pressure builds, the molecules of air bump into any object ( such as your eardrum or a microphone ) with more velocity and also more frequently. Intensity is proportional to pressure squared because pressure contributes to intensity in two ways: the velocity and frequency of molecular collisions. Increasing the intensity of a sound by a factor of four will only cause the pressure to double. 3 Thus, decibels of intensity are 10 times the logarithm of their ratio, and decibels of pressure are 20 times their logarithm. i The power of an electrical signal is measured in watts, which is proportional to voltage squared by Ohm's law. Thus decibels of voltages are 20 times the logarithm of their ratio to some standard ( usually 1 V, or 1 mV ) . j The surface area of a sphere equals 4r 2 .
k Decibels will decrease by 6 dB per doubling of distance in free field, because 6 is 20 times 0.3 is the log of 2.
Decibels of pressure, voltage, and distance are 20 times the logarithm of the ratio to a standard. Each increment of 6 dB indicates a doubling of pressure. l Decibels of other units, such as time, number, averages, and intensity are 10 times the logarithm of a ratio to a standard. A decibel of change in the voltage of a signal, in the number of signals or in the distance to a source, all produce a decibel of change in the pressure or intensity of that sound. Whereas a physical doubling of sound pressure requires a change of 6 dB, a perceived doubling of intensity requires a change of about 10 dB. Perceived loudness thus grows more rapidly than physical pressure.
EQUAL LOUDNESS CONTOURS
No animal hears all frequencies equally well. Humans hear best at about 3500 Hz. The ability to hear at very low intensities gets worse at higher and lower frequencies. A plot of sensitivities to various frequencies is shown in Figure 1 . Figure 1 shows the minimal detectable level of various pure tones and the level that is usually described as painful. These curves, and many in between, define equal loudness contours.
The perceived loudness of a sound increases with the soundpressure level, as expected. The rate of increase, however, is not the same at all frequencies. Middle frequencies become louder more slowly than higher or lower frequencies. This means that if you increase the intensity of a middle-and high-frequency tone by the same amount, the middle frequency will appear to have increased less than the high frequency. This is seen in the contours of absolute threshold and pain in Figure 1 . The threshold curve is fairly Ushaped. The level of pain is about 120 dB at all frequencies. The change in physical pressures from threshold of hearing to threshold of pain is twice as great at 2000 Hz (120 dB) as it is at 50 Hz (60 dB).
CHANGING SOUND LEVELS
Under normal conditions, sound-pressure levels are proportional to the squared distance from a source. Inside a room this rule will fail as you move away from the sound source. In what is called thè`r everberant field'' pressures drop slower than 6 dB per doubling of distance because of returning echoes. In a hospital this might occur in a room with no sound-absorbing surfaces. Direct or free-field conditions exist only when there is nothing to block or reflect the path of the sound. If there is an obstacle such as a person, furniture, or wall, then the sound can be transmitted, absorbed or reflected. In general, an object must have a dimension greater than one wavelength of the sound to have any appreciable effect on that sound. Wavelength decreases as frequencies increase. The wavelength of 20,000 Hz, the highest sound we can hear, is about 2 cm. The wavelength of 20 Hz, the lowest sound we can hear, is about 50 ft.
Thus, passive objects have much more effect on higher frequencies than lower. For example, we hear the bass beat long after we lose the ability to hear the higher-frequency details as we walk away from music.
We live in acoustically reverberant conditions. Our brains are remarkably well adapted to expect small echoes. There are special acoustic testing rooms, called anechoic chambers, that are lined with material that absorbs most sound. You can clearly hear a conversation in an anechoic chamber, but it has an``other-worldly'' quality. Conversely, reverberations can increase to the point that they make comprehension difficult. This can happen in some swimming pools and tunnels.
Averaging, Adding, and Subtracting Noise Levels
There are a number of instances when you might be tempted to average, add, or subtract sound levels. Averaging is used to combine several separate measurements into one measure of central tendency. Addition is used to predict the overall level of two or more sources that have been measured separately. Subtraction is used if you want to know the contribution of one noise source when it can only be measured in combination with some background noise. Each of these mathematical operations is possible, but with an added correction because sound-pressure levels are reported in logarithmic units. You can't simply add, subtract, multiply or average decibels for a noise exposure analysis. If you multiply the number of identical sound sources, the measured sound-pressure level in decibels when all speakers are activated will increase by ten times the logarithm of the number of speakers. For example, if one stereo speaker makes 100 dB of noise, then two speakers producing exactly the same sound will generate 103 dB. n Ten speakers would produce 110 dB. Number (as in number of speakers) is a``10log'' quantity. Remember that everything EXCEPT voltage, pressure, and distance are``10log'' quantities. Remember also that adding logarithms is the same as multiplying numbers. Hence, adding 3 dB is the same as multiplying by 2.
There is no convenient way to add or subtract numbers expressed in logarithmic units. You must convert back to the linear, nonlogarithmic units of the measurement before you add or subtract. Generally, the principle in adding decibels is that``only the top dog matters''; only the largest decibel measurement has much effect on a sum. For example, 100 dB+80 dB equals 100.09 dB. The additional 80 dB makes a negligible difference. The average of 100, 50, and 20 dB is 95 dB, close to the big number of the triple. So when in doubt, estimate an addition or average of decibels as being close to the largest decibel value in the series. You will probably be more accurate l The logarithm of 2 is 0.3, so 20 times the logarithm of a doubling would be 6 dB. There are times when you might want an average of decibel levels, if you were measuring psychophysical properties or detectability of a source over time, for example. n Doubling the number of identical speakers will increase the level by 3 dB, because 3 is 10 times the log of 2. This is only true for sounds that are either perfectly the same or unrelated. It is possible to design two sounds that will cancel, but that situation is not considered here.
by simply choosing the big number than if you guessed at the calculation based on normal intuition.
If you are trying to measure the loudness of a sound, you must make sure that the background sound is not so loud as to drown out the signal you wish to measure. The best solution is to measure the level of the noise source alone, but this may not be possible in a hospital. The next best option is to make sound level measurements of the background alone and then with background plus signal. The addition of the signal you wish to measure should cause at least a 3-dB increase in the sound pressure measurement in order for the measurement to be valid. Then the measured decibels of the combined noise source of interest plus unavoidable background noise minus the decibels of the background alone (with the noise source off) will equal the contribution of the noise source alone. To do this, decibels must be subtracted.
To review, decibels are a logarithmic scale. Adding logarithms is the same as multiplying numbers. That is why there is a 6-dB difference when distance is halved, and the pressure doubles. Dividing logarithms is the same as taking the nth root. Dividing decibels by 2 is like finding the square root. Dividing by 3 is like the taking the cube root.
Averaging decibels is a tricky business. As an example, think what would happen if salaries were measured in``figures,'' as in number of digits in the salary. Someone reaching a salary of US$100,000 might say``Hurray, I have a 6-figure salary.'' The number of figures is a logarithmic scale. Suppose we compare the annual salaries of a child, a professor, and Bill Gates, all rounded to the nearest power of 10. Suppose the child gets US$10 a month for allowance. The annual salary is three figures. The salary of a professor could be six figures. Assuming Bill Gates can get a 10% annual return on his 85-billiondollar fortune, his annual income would round to 11 figures. Now suppose we try to average these salaries, as seen in Table 1 . Using the rounded annual dollars we see that the salaries of the professor and the child have little effect on the average, which is basically Mr. Gate's contribution divided by the number of people. But let us suppose it was common to only report salary in``figures,'' and further suppose an average of``figures'' was calculated. The average number of figures is between six and seven. Converting this number back to dollars yields about 5 hundred thousand. Suppose each person were to receive the average salary. Depending on how that average was calculated, each person would receive either 3 billion dollars or about half a million. The correct average is the greater of the two, the one calculated with linear, not logarithmic, scales.
Now we can repeat the example with three sound-pressure levels, as seen in Table 2 . Suppose sound levels in a nursery were measured at three times. To get the correct average, convert the logarithmic units back to a linear scale. We use``10log'' quantities for the decibels, even though they may be voltages or pressures, because in this operation we are adding levels, and number is a``10log'' quantity. The correct average is much greater than the average calculated from the mistaken impression that decibels were linear.
When you want to add two sound-pressure levels, first convert the numbers to linear units by calculating the inverse decibel. The inverse decibel is 10^(dB/10) in most spreadsheet languages. This conversion will most likely give you a much bigger number than the number in decibels (85 dB equals about 316 million, for example). Then add the two big, linear numbers. Finally convert the sum back to decibels by talking 10 times the logarithm of the number. Remember that when you add, subtract, or multiply sound-pressure levels, use 10 times the logarithm.
A shortcut to the calculations of adding or subtracting two decibels is seen in Table 3 . If you are trying to add two decibel levels, Figure 1 Human equal loudness contours. Shown are the thresholds of detection and pain. The former is often called the audibility curve. Gray Properties of Sound first figure out how much louder one sound is than the other. Look up this difference in the table. This will tell you how much more to add to the decibel level of the loudest sound to equal the decibel level of the loud plus the soft sound. As an example, suppose you have one machine that makes 80 dB of noise and another that makes 76 dB.
The difference between the levels is 4 dB. Looking up the addition factor in Table 3 for a difference of 4 dB yields 1.5 dB, so the total of both sources will be 1.5-dB greater than the loudest source, or 81.5 dB. Some other examples include 90 dB+89 dB=92.5 dB; 60 dB+45 dB=60.1 dB.
As an example of subtracting sound levels, suppose you measured 54 dB from a machine of interest in some unavoidable background noise and you measured 50 dB of background noise alone. The difference between these two measurements is 4 dB. Looking up the subtraction factor for 4 dB in Table 2 yields 2.2 dB. Thus, the amount of additional noise produced by the machine alone is the total of 54 dB minus the 2.2 dB subtraction factor or 51.8 dB (54 dBÀ50 dB=51.8 dB).
Noise Rating Curves and Noise Standards
We are accustomed to a background level of low-frequency sound, since low frequencies are relatively unaffected by structures in their path. High-frequency sounds are perceived as more annoying. We can rapidly acclimate to known sounds: the hum of air-conditioners, the rumble in a car, the hiss of radiators, for example. Pure tones are usually perceived as more annoying than noise with many frequencies. An effective remedy for annoying tones is sometimes to add a bit of masking noise. In adults it is well known that noise can cause annoyance and interfere with sleep and speech. 4 A set of equal annoyance levels has been published. 5 An 8000-Hz tone at 33 dB is said to be as annoying as a 63-Hz tone at 70 dB. A difference of more than six doublings of pressure can thus elicit the same subjective effect on the average human listener. We are not linear receivers. Rapid onsets are more annoying than slowly changing stimuli. This may be due to the common property of auditory nerve fibers to fire at the onset of a sound. 6 Sounds that repeatedly cycle on and off are, by extension, the most annoying. This may explain the use of repeating alarms to get the attention of hospital staff when an abnormal condition is detected. But such sounds will also disturb the patients.
An important noise standard is from OSHA, the United States Occupational Safety and Health Administration. 5 This standard is for adults spending 8 hours per day in a workplace and going home to a quiet environment for the remaining 16 hours. The OSHA standard is intended to prevent noise-induced hearing loss in the majority of workers. The maximum allowable exposure is 90 dB(A) for an 8-hour work day. Ninety decibels is fairly loud. In keeping with the temperature analogy mentioned earlier, listening to 90 dB all day is somewhat like living without air-conditioning in Houston in the summer Ð tolerable and unlikely to cause any long-term effects in healthy people, but hardly enjoyable. There is a 5 dB per doubling rule from the 90 dB per 8-hour standard. That means you can be exposed to 95 dB for 4 hours, 100 dB for 2 hours, 105 dB for 1 hour, 110 dB for 30 minutes, and 115 for 15 minutes. No workplace noise louder than 115 dB is permissible without hearing protection. If you ever have an opportunity to hear 115 dB(A), it is difficult to imagine that our government says 15 minutes of this will do you no harm. This is the upper limit of what is acceptable in the United States. Different laws apply outside the US, and this includes boats and offshore oil platforms.
There have been various attempts to design criteria that are more comfortable than the OSHA standard. 5 The U.S. Highway Administration, for example, says that highway noise should not cause noise levels in houses, churches, libraries, schools, and hospitals to exceed 52 dB(A). Some popular standards weight noise at night more heavily than noise during the day, because our annoyance increases at night when our sleep is disturbed. For example, New York City requires that the noise at night in a house next to a construction site must not exceed 50 dB(A). Noise dosimeters continuously monitor sound levels, so you can see what levels are common at any hour during the day or week. 7 The U.S Environmental Protection Agency recommends an average daytime Journal of Perinatology 2000;20:S5 ± S10
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Properties of Sound Gray level of 40 dB(A) and an average nighttime level of 32 dB(A). 8 Forty-five dB(A) inside buildings and 55 dB(A) outdoors are thè`m aximum level below which no effect on public health or welfare occur due to interference with speech or other activities'', 8 p. 22. There are recently published guidelines for acceptable levels of noise in hospital nurseries. 9 They recommend an hourly average of 50 dB(A).
SUMMARY AND CONCLUSIONS
Humans can hear frequencies between 20 and 20,000 Hz, but most information used by humans is between 125 and 4000 Hz. The intensity of sound is measured in decibels. As a quick approximation, think of decibels as equivalent to temperatures: comfortable room levels are about 70, 100 is uncomfortably high, 30 is uncomfortably low. If you must add or average decibels, the answer will probably be close to the largest number. The dB(A) scale attempts to mimic human thresholds. OSHA permits exposures of 90 dB(A) for an 8-hour day. Other suggested guidelines are more stringent.
